This paper reviews the state of art technology of laser induced breakdown spectroscopy (LIBS). Research on LIBS is gaining momentum in the field of instrumentation and data analysis technique due to its wide application in various field particularly in environmental monitoring and in industry. The main focus is on its miniaturization for field application and on increasing its sensitivity. The sensitivity of LIBS has been increased by confining the laser produced plasma using external magnetic field as well as using two successive laser pulse excitation of plasma.
INTRODUCTION
Laser-induced breakdown spectroscopy (LIBS) is a laser diagnostics, where a laser beam focused onto a material generates transient high-density plasma as the laser intensity exceeds the breakdown threshold of the material (~1-10 MW/cm 2 ). The UV and visible emission from the plasma can be spectrally resolved and recorded for qualitative and quantitative analysis of the sample. LIBS was first used for the determination of elemental composition of materials in the form of gases, liquids and solids during 1960's 1-2 . Research on LIBS continued to grow and reached a peak around 1970 and field-portable instruments capable of in-situ and real time analysis of samples have been developed in recent years with the availability of reliable, smaller and less costly laser systems along with sensitive optical detectors, such as the intensified charge-coupled device (ICCD). Several review articles have been published on this topic [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In the LIBS, the wavelength of light provides information on the identity of elements composing the sample, while the intensities reflect the relative abundance of these components within the samples. Once the LIBS system is coupled to a broadband detector such as Echelle spectrometer with intensified CCD detector or recent multi spectrometer system, it provides a broad band spectrum (200-900 nm) of the elements present in the sample in real time.
LIBS has many advantages as an analytical technique. There is no need of sample preparation, which avoids further contamination of the material to be analyzed [10] [11] . The analysis process is fast and can be used for both non-conducting and conducting samples, regardless of their physical states, i.e. aerosols, gases, liquids or solids. LIBS is also applicable to the analysis of extremely hard materials that are difficult to digest or dissolve, such as ceramics and semi or super-conductors. Its capability for simultaneous multi-element determination, localized microanalysis, and surface analysis are also of great importance and it has been used successfully in hazardous and difficult environmental conditions to study remotely located samples for online and real time information about their spectra. LIBS has been found useful in elemental process monitoring and in field portable analyzers for in situ trace metal analysis of real samples where accuracy and precision are not the main requirement 11 .
More recently it has been demonstrated that LIBS can be applicable in several military and homeland security applications [15] [16] [17] [18] . Nowadays these applications has important role because the threat of chemical and biological terrorist acts have increased the demand for accurate and rapid determination of chemical and biological warfare (CBW) agent species 19 . The identification of these chemical and biological agents is difficult because these agents exist in various forms such as liquid, vapor and fine powders. These agents may be present in low concentration relative to background interferant such as dust, soil or painted surfaces as well as in air. Handling these agents are difficult so LIBS has been found as a suitable technique for detection and identification of chemical and biological warfare (CBW) agents. The application of LIBS as a field portable detector for CBW agents requires the development and optimization of statistical methods for rapidly analyzing complex spectra obtained in the field. Statistical methods have been used to interpret spectroscopic data in many other applications. Recently some groups of researcher have demonstrated the feasibility of biomaterial identification using LIBS coupled with chemometric methods.
This article presents briefly the technical aspect of LIBS along with its various applications in different fields, which will be beneficial in understanding the environmental conditions of the planet Earth.
SCOPE OF LIBS
The focal theme of 94 th Indian Science Congress is Planet Earth. We all are aware that our planet earth has a beautiful environment, which helps in maintaining the life on it.
Particularly there are oceans full of life, and lands to grow food on. Polar ice caps are reserving water. Plants and trees provide oxygen, where as atmosphere collects warmth from the Sun.
Swirling clouds recycle moisture and provide fresh water. But now a days all parts of the earths environment such as land, water, atmosphere, weather and plants has problems mainly due to the fast growth of industrialization, which are observed in the form of pollution in soil, water and air as well as in the form of global warming, where as fast deforestation creates loss of oxygen in the atmosphere. Pollution are mainly due to the presence of hazardous high atomic number elements such as Pb, As, Hg, Cr, Cd and Be etc. in solid, liquid and gaseous materials.
Hazardous and toxic elements as well as compounds can harm the life in different ways. Due to this an easy technique was required since long, which can give information about the presence of these harmful agents in the earth's environment. LIBS has been identified as a laser diagnostics technique for detection of hazardous and toxic elements in any kind of base material. This technique is equally useful for detecting the composition of materials in alloy industry as well as in finding the trace elements present in different environmental conditions. Recently it has been found useful in detection and identification of compounds of any materials particularly hazardous chemical and biological material. Detection and identification of compounds are difficult than the elemental analysis.
This technique is mainly based on collecting the emission from ionic, atomic and molecular species in a plasma spark. All elements emit in the spectral range of 200-900 nm. This indicates that by using a detector covering the entire spectral range, one can detect and identify elements and molecular species by their relative abundance. The complex compound of explosive consists of a fuel component such as hydrocarbon and an oxidizer such as oxides of nitrogen contained in the same molecular structure. The requirement for detecting and identifying these chemical explosive, one need to identify wide variety of different constituents present in the explosives materials.
Similarly as explosives, hazardous biological and bacteriological materials have become the subject of concern due to the increased terrorist activities. Detection and identification of hazardous biological samples are important not only to avoid terrorist activity but in civilian application also such as bacteriological monitoring in medical sciences as well as in hygienic control in food processing industries. Hazardous biological samples include mainly bacteria, viruses, biotoxins and fungi. Very low concentration of these materials can create large-scale contamination. Biological samples consists of bacterial cells, which is a living structure composed of a genome, cytoplasm and various membranes. It is a biological structure with chemical elements in complex molecules and is organized in a sophisticated manner related to its function as part of living organism such as in metabolism, reproduction, enzymatic activity, respiration etc. Due to its complex structure it is desirable to find some typical atomic markers that are reliable enough to give some information on the nature of living organisms and their potential pathogenic capabilities. The molecules of the samples are completely dissociated during the plasma formation process, where mainly ionic and atomic species are present in the plasma. The characteristics de-excitation emission lines from ionic and atomic species are used for detection in less than 1 ms. These qualitative and quantitative spectrochemical analysis provide information for the identification of biological samples. This is a challenging job because of the complex biological structure and its composition. However with current advances in broadband detectors such as multi spectrometer or Echelle spectrometer, LIBS is capable of detecting a wide variety of toxic and hazardous compounds, which is not possible by any other technique. LIBS has many other applications in different field of research. Many aspects of LIBS along with some of its important applications will be discussed briefly in the following text.
Spectral Lines of Interest
The application of LIBS in detection and identification of hazardous chemical and biological samples (compounds) depends mainly on the choices of characteristics spectral markers. In the case of hazardous chemical explosive main elements present in the spectrum are carbon (C), hydrogen (H), nitrogen (N), and oxygen (O), which provide major peaks. In the case of inorganic explosive such as black powder, spectrum is richer in peaks because of presence of inorganic components particularly K, Ca.
In the case of biological samples, both types of elements inorganic and organic are detected. Inorganic elements include magnesium (Mg), sodium (Na), iron (Fe), Potassium (K) and Calcium (Ca). Presence of these elements can be used as marker. However Na and Ca are not of much interest because of their presence in atmosphere. Detected organic elements include carbon (C), Nitrogen (N), phosphorous (P) and hydrogen (H). Out of these C is important as an organic marker.
EXPERIMENTAL SETUP FOR LIBS
Various types of experimental set up have been used for LIBS, where different types of collection optics are used for the radiation emitted by the plasma plume. Sometime emission from the plasma is collected in the direction perpendicular to the direction of the incident laser.
In addition to the difficulties of alignment and reduced sensitivity, the collected emission synchronized to the output of the laser pulse. Data acquisition and analysis were performed using a personal computer. The gate delay time and gate width were adjusted to maximize the signalto-background (S/B) and signal-to-noise (S/N) ratios. Emission spectra were recorded mainly using 2400-l/mm grating for a better spectral resolution. Around 100 pulses were accumulated to obtain one spectrum and 30 such spectra were recorded for each experimental condition in order to increase the sensitivity of the system and to reduce the standard deviation in the recorded data.
LIBS experiments can be performed in air, low-pressure inert gas, and vacuum. Some considerations concerning the construction of vacuum and gas chambers mainly include two aspects: (i) to extend the analytical spectral range to the deep-UV region for elements such as carbon, phosphorous, sulfur, chlorine, bromine, iodine, oxygen, and nitrogen; and (ii) to improve the detectability by inert gas purging. Research on laboratory applications of LIBS are carried out either on a sample kept in vacuum chamber or in open atmosphere, but field applicable LIBS is usually performed in the atmospheric environment.
Broad Band Spectrometers for LIBS
Czerny-Turner spectrographs are usually employed to disperse the emission collected from LIBS plasma, where suitable detectors coupled to it offer the possibility of time resolved measurements. These detection systems are intrinsically limited in resolution as well as in spectral coverage. The multi-elemental detection capability offered by the LIBS technique demands a spectrograph with a wider spectral coverage. In the multi-elemental analysis, sequential measurements of parts of the spectrum of interest are performed, inspecting each time a different sample of the material ablated from the target surface. In principle this procedure limits the LIBS application to homogeneous samples. But most of the samples are inhomogeneous, which is why the spectra vary from shot to shot, as a result of changes in the sample composition as well as due to stochastic fluctuations in the plasma. 23 Particularly detection and identification of hazardous chemical and biological samples also require simultaneous recording of broad band spectra for getting optimum information for analytical purposes. Instruments, which allow simultaneous measurements, are Paschen -Runge spectrometers or the more compact Echelle spectrometers as discussed in a review article by Detalle et al. 24 Echelle spectrometer offers excellent spectral resolving power (/   10.000
and more) in combination with a spectral coverage of several hundred nanometers. In combination with intensified charge coupled devices, Echelle spectrometer represents a very powerful tool for elemental analysis as demonstrated by Haisch et al. 25 , who found substantial improvement in the detection limits for several elements with an Echelle system as compared with those obtained with a conventional Czerny-Turner system. A multi-spectrometer system developed by Ocean Optics is also being used for recording the broadband LIBS spectra for multielement analysis.
Echelle spectrometer
The principle of Echelle spectrometer has been described by Detalle et al 24 . to 0.019 nm (at 780 nm), which is based on the spectral resolution / =40,000. The detector in this system is an ICCD camera, having a CCD array of 1024  1024 pixels (24 24 m 2 ) and a microchannel plate. A fast pulse generator delivers a 5 ns pulse to the intensifier to ensure synchronization of the measurements with the laser pulse. The spectral response in a particular order of diffraction of Echelle spectrometer is non-linear. It is measured using the blackbody radiation from a deuterium lamp, where maximum sensitivity is found in the center of the given order. Each diffraction order has similar shape but a different sensitivity, which requires a correction factor, when the measurement is made in different spectral range with different sensitivity. Normally, a blackbody radiation calibration spectrum is recorded to obtain the intrinsic response of the Echelle/ICCD system, which is then used to normalize the acquired spectrum. analysis of an inhomogeneous sample. Using either of the spectrometers LIBS spectra were collected with a 1.5 -2 s delay after plasma formation to eliminate plasma continuum effects.
Multi-spectrometer
This system has been successfully utilized by De Lucia for detection of energetic materials 16 .
FIBER OPTIC LIBS PROBE
LIBS is most suitable for field based industrial applications, which include real time, on line analysis of material for process control and monitoring. Most of the experimental techniques discussed so far are laboratory based, where plasma is generated by focusing the high intensity laser beam on the sample surface with an assembly of lenses and the light emitted from the plasma is collected by either the same assembly of lenses or a separate assembly of lenses to be focused on the entrance slit of the spectrometer for further analysis 10 . Such an experimental set up is not well suited for field measurements, which require a flexible optical access to the test facility and minimal on-site alignment. Recent advances in fiber optic materials have opened up many new areas of applications for the LIBS technique. Using optical fiber, one can send the laser beam to the desired location and perform remote measurements. This system is most suitable for the study of solid, liquid and gaseous samples particularly hazardous chemical and biological samples not only in the laboratory but in the field also.
A schematic diagram of the fiber optic LIBS probe is shown in Fig.4 11 . The second harmonic (532 nm) of a pulsed Nd: YAG laser (Big Sky, Model CFR 400) operating at 10 Hz, with pulse duration 8 ns, beam diameter 7 mm, and the full angle divergence 1.0 m rad was directed into the optical fiber by a 532/1064-nm beam splitter and a 532 nm dichroic mirror. A specially coated 45° dichroic mirror (DM), which reflects at 532 nm and transmits in wavelength ranges 180-510nm and 550-1000 nm, was used to reflect the laser beam and to transmit the LIBS signal to the detection system. This simple design avoids any damage to the detector from the reflected laser light. To transmit sufficient laser energy below the damage threshold of fiber optic cable, the laser beam was focused 5 mm away from the fiber tip via a 10 cm focal length lens. A cap with a 0.8-mm pinhole was placed at the fiber input end to avoid the possibility of damage to the core and cladding of the fiber. The laser beam transmitted through the optical fiber was collimated with a 10 cm focal length lens and then focused on the sample with a 5-cm focallength lens. The same lenses and optical fiber assembly were used to collect the emission from the laser-induced plasma and the collimated emission was passed through the dichroic mirror and lasers shot spectra were stored in one file, where fifty such spectra were recorded for analysis to get an average area/intensity value for the spectral lines under investigation.
The fiber optic probe discussed above is not truly field-portable LIBS instruments, due to the non-portability of the lasers employed and the length of optical fibers is also not unlimited (several meters in the above cases) due to signal and laser radiation attenuation in the optical fibers. A real field-portable LIBS instrument can only be realized by using a battery power supply, optical fibers and a miniature laser. Such a device was first developed in the research group of Cremers at Los Alamos National Laboratory 26 . It had a weight of 14.6 kg and a compact size of 46 x 33 x 24 cm 3 to fit into a small suitcase. The hand-held probe employed a compact, low cost, passively Q-switched Nd: YAG laser for making it portable. The laser had a low pulse energy (15-20 mJ pulse at 1064 nm, 4-8 ns duration) and repetition rate (< 1 Hz), but it had the ability to operate from 12 V D.C. batteries. A spark was produced on the sample by focusing the laser with a 50-mm focal length lens of 12 mm diameter. A fused silica fiber optic bundle of 2 m length was used to collect the emission from the laser induced plasma (LIP) and transmit it to a 1/8-m spectrograph. The end of the fiber optic bundle was positioned 5 cm from the LIP. It was not necessary to focus the LIP light onto the fiber with a lens due to the already sufficient emission collected in this configuration. The spectrally resolved emission was recorded with a compact CCD system. A compact computer was used for data processing and storage. The performance of the portable LIBS device was compared with that of a laboratory-based system using lead-containing paint samples and soil samples containing barium, beryllium, lead, and strontium. The results were identical in all aspects, indicating that downsizing the instrument did not affect its analytical performance. A more compact portable LIBS instrument has been built in Winefordner's research group at the University of Florida 27 using rechargeable batteries. This device is useful for field application, where regular power supplies are not available.
ENHANCEMENT IN THE SENSITIVITY OF LIBS
It has been realized that poor detection limit is the most serious limitation of the LIBS between two pulses. The use of a single laser, however, makes the system more compact and avoids the problems of alignment between the two laser pulses, ensuring better reproducibility.
St-Onge et al. 29 reported the study of some parameters affecting the performance of dualpulse LIBS on metal samples in air. They found that the volume of the emitting plasma increases under the effect of the second laser pulse resulting in signal enhancement. This is due to more uniform absorption of the second laser pulse, whose energy is then distributed over a larger volume. St-Onge et al 30 also used a UV laser pulse to increase the ablation of the sample and an IR laser pulse to maximize the heating efficiency. In this configuration a significant signal enhancement was noted the extent of which varied depending on the ionization state and energy levels giving rise to the spectral lines of interest. A correlation has been established between the observed increase in intensity and the theoretical increase expected as a result of the higher plasma temperature generated by a combination of the UV-IR pulses. The enhancement in the signal was found greater than predicted by the increased temperature. This shows that an increase in plasma volume is also contributing the enhancement in intensity of emission. In contrast to the above-mentioned studies, where the plasma obtained by the first ablating pulse is reheated by a second pulse, Stratis et al 31 used a pre-pulse parallel to the sample surface and focused it to form air-plasma, followed by a second ablating pulse perpendicular to the sample surface and delayed in time by a few microseconds. In this case increase in intensity of the spectral line was correlated with an increased mass ablation. They simultaneously measured the time-resolved, spatially integrated emission intensity from two directions-perpendicular to the target surface; and parallel to the target surface-resulting in a slight difference, which indicates the importance of the collection geometry in the LIBS measurements. Rai et al. 32 used two lasers (Nd: YAG) for LIBS experiments and the spatially integrated emission in the direction opposite to the direction of the laser beams was collected (Fig.6 ). LIBS signal was enhanced by more than 6 times, when the time separation between two laser pulses was ~2-3 s (Fig.-7) . Smith et al. 33 used a different technique to improve detection limits by applying selective elemental excitation with a tunable diode laser to the LIP. Tunable diode laser induced atomic fluorescence was used for selective isotope detection of uranium containing samples. In order to detect the fluorescence signal, two techniques were employed: (i) the fast wavelength scanning of the diode laser during the lifetime of the plasma produced by each shot of the ablating laser and (ii) the time-integrated measurement with the diode laser wavelength fixed at the isotope line center.
The optimal experimental conditions were found by means of a systematic scanning of the pressure of argon in the experimental chamber. The limit of detection in the optimal conditions was of the order of 0.6 ppm. Many other combinations of LIBS and laser-induced fluorescence (LIF) have been reported in recent years [34] [35] to enhance the performance of LIBS as an extremely sensitive technique.
APPLICATIONS OF LIBS

LIBS is a versatile technique for detection and identification of elements in a variety of
samples that cannot be easily analyzed by other spectroscopic methods. Each one of these situations requires a modification of the standard LIBS instrumentation to give the best results.
In the following sections we describe some of the unusual experimental arrangements.
Environmental Monitoring
Off gas emission
The detection of hazardous and toxic trace elements in the off gas from waste processing system is very important for public health. LIBS has been used for in-situ off gas monitoring by focusing the laser beam in the gas stream through a window and collecting the optical emission through an optical fiber. Neuhauser et al. 36 have tested an on line lead (Pb) aerosol detection system with aerosol diameters ranging between 10 and 800 nm and a detection limit of 155 g m -3 has been achieved. LIBS has also been demonstrated as a process monitor and control tool for waste remediation 21 . The toxic metals from three plasma torch test facilities were monitored and it was found that LIBS can be integrated with a torch-control system to minimize toxic metal emission during plasma torch waste remediation. The possibility of using metal hydride to calibrate metals in off gas emission was also investigated 37 by using a static sample cell to perform LIBS measurements and the signal was found to be affected by gas composition, gas pressure and laser intensity.
The use of LIBS as continuous emission monitor (CEM) requires the quantitative trace level determination of the toxic metals. A system has been developed to monitor the concentration of selected toxic metals in near real time 22 . The concentrations of Be and Cr were measured at all the tested metal levels while that of Cd was measured during medium as well as high metal feed tests and the concentration of Pb was measured only at high concentrations. It was concluded that the LIBS system can be used as a CEM to monitor only the concentrations of Be, Cr and Cd but further improvements in the sensitivity of this system is required for monitoring the Pb, Hg, As and Sb.
Study of soil, concrete and paint
Detection of contaminated soil and concrete is an important area of environmental applications of LIBS. Yamamoto et al. 26 used a portable LIBS system to detect toxic metals in soil and detection limits of Ba, Be, Pb and Sr were found to be 265, 9.3, 298 and 42 ppm, respectively. Cremers et al. 38 detected Ba and Cr in soil using an optical fiber probe for remote operation with limit of detection of 26 ppm and 50 ppm for Ba and Cr, respectively. The effect of matrix was also studied in a soil sample. The limits of detection for Pb and Ba in a sand matrix were found as 17 and 76 ppm (by weight), respectively with a precision of 7% RSD whereas those in the soil were 112 and 63 ppm respectively with 10 % RSD. The LIBS signal was found to be affected by chemical speciation as well as matrix composition and its accuracy could be degraded if calibrations were not matrix specific.
Pakhomov et al. 39 have applied LIBS for the detection of Pb in contaminated concrete. A time resolved LIBS spectrum was recorded for the quantitative measurement of the Pb content in concrete. Pb calibrations were obtained by using the ratio of the integrated emission of lead line (405.78 nm) and that of an oxygen line (407.59 nm). It was found that the absolute Pb signal was independent of the laser pulse energy for laser energy between 250 and 400 mJ. The presence of Pb in the paint is a potential health threat, especially to children and Yamamoto et al. 26 have successfully demonstrated the feasibility of using LIBS to determine Pb in the painted surface.
Study of radioactive elements
LIBS has also been used to monitor the level of radioactive elements in a process stream.
Watcher and Cremers 40 found a detection limit of l00 ppm for uranium in solution. LIBS is preferable to other radiological measurements because nuclear detector may not be able to differentiate the radio nuclides U, Pu and Np. The LIBS spectra of U, Pu an Np were recorded in a globe box and the emission lines suitable for the detection of these radioactive elements were identified by Singh et al. 41 . The preliminary studies show that LIBS is suitable for the measurement of radioactive elements in waste stream. LIBS has also been used as a tool for detection of radiation embrittlement 9 in a nuclear power plant by determining the copper concentration in A533b steel. As copper is a key impurity contributing to radiation embrittlement, the Cu concentration in the steel may be an indicator of radiation embrittlement and expected material lifetime.
LIBS in Space Research
Rocket engine health monitor
Detection and characterization of metallic species in the exhaust plume of hydrocarbonfueled rocket engines can indicate the onset of wear and / or corrosion of metal in the rocket engine. This information on engine wear obtained during engine operation is very useful, allowing the possibility of engine shutdown before any catastrophic failure. It has been observed that a catastrophic engine failure is generally preceded by a bright optical emission, which results from the erosion of metal from the engine parts. This is because of high temperature in the rocket plume (~2000 K), which partially vaporizes and atomizes the metal species, leading to atomic emission in the near ultraviolet and visible region (300-760 nm). The performance of LIBS was evaluated by Rai et al. 42 in detecting the trace of elements in the fuel plume of a hybrid rocket engine simulator at Stennis Space Center, USA. Copper wire was inserted in the ignition chamber of engine and its vaporized trace was recorded in the rocket plume out side the exit nozzle (Fig.-8) . The trace of copper was recorded near the nozzle exit during an initial fraction of a second, when the burnt-fuel plume started building up. However it decreased when plume attained its full length, high temperature and high speed. It was interesting to note that copper emission was observed throughout the plume away from the exit nozzle as well as in the luminous zone. This observation was attributed to better mixing of the metal vapor (away from the exit nozzle) along with decrease in background emission (due to luminous zone). It was found that the measurements made away from the luminous part of the plume could provide more meaningful information about the health of the rocket engine.
Probe for Mars expedition
Cremers et al 
Industrial Applications
Now a day all the metal producing industries are facing a major challenge of increasing productivity at reduced cost and maximizing the benefits from existing equipment. During refining, it is critical that operating parameters be adjusted and controlled so that the chemistry of the molten metal remains within predetermined limits. LIBS has been successfully used to get the composition of alloys (Fig.-5) along with their quantitative analysis in solid as well as in molten state 14, 45 . The analyte lines of Cu, Cr, Mn, Fe and Zn were used to obtain the calibration curve for their quantitative analysis. This type of analysis was performed by recording the spectra of alloy samples in the laboratory but LIBS has been found most suitable for field-based industrial applications, which include real time and online analysis of molten material for process control and monitoring. Many groups [46] [47] have used LIBS probe that uses one optical fiber for delivering the laser pulses to the target at a remote place for producing a micro-plasma as well as for collecting the resulting radiation from the LIP for quantitative elemental analysis.
Detection of Hazardous Chemical and Biological Samples
Among the different application of LIBS, the direct detection of hazardous chemical and The first and most straightforward approach is through spectra matching based on a predetermined and assembled library of reference materials of interest. In this case one need the construction of a library of broad band spectra that would provide the basis for the comparison of the spectra for an unknown sample with those spectra contained in the library. This approach has been tested in the case of black powder successfully 16 .
The second approach for the detection and identification of explosive is through use of the stoichiometery of the compound for discrimination by taking the ratio of the peaks of elements of interest. Anzano et al . 48 have used this technique successfully to short out the types of plastics. For example the intensity ratio of C line at 247 nm and the H line at 656 nm was found to be different for each plastic, whereas the LIBS spectra of all the plastics shared similar peaks, and the overall appearance of the LIBS spectra for the different plastics was highly similar. The peak intensity ratio of the elements was different to such an extent as to make differentiation of different plastics types possible. Similar approach has been used for identification of pure organic explosives 16 . Here one can get additional information from O and N peak intensity. However, care must be taken to avoid the effect of interference of atmospheric N and O. Another factor that affects this process of identification is change in plasma temperature, which finally reflected in change in the intensity ratio. F. C. De Lucia et al 16 have
noted that LIBS plasma never starts ignition in the explosive during the experiment due to its short time duration of plasma. They have also used successfully the spectra peak intensity ratio as a basis for identifying compounds that have the same elements, but with different stoichiometries.
Detection of biological samples
The intensity ratio method used above has been found suitable in the identification of hazardous biological samples also. For this it is important to obtain atomic and ionic spectral lines that are both reproducible and specific for one sampled bacterial type. Aragon et al. 49 Table-1 shows the CIR of different elements having RSD data slightly higher for other elements, but below 10 %.
The slope of this curve (CIR vs no. of shots) was found better for this analysis as they are different for different samples. Finally it has been reported that phosphorous (253.56 nm)/ carbon (247.85 nm) ratio is reproducible and is independent of any change in the parameter even during the preparation of two samples. CIR of P/C for different hazardous biological samples has been shown in table-2, which has clear-cut difference. This shows that CIR technique can be a useful method for identification of these samples using LIBS system. 18 Other methods of identification are also under investigation world wide.
Statistical Methods for Analysis of LIBS data
The success of LIBS as a field-portable detector for hazardous chemical and biological sample is dependent on the availability of some statistical method for rapidly analyzing the complex spectra obtained using the LIBS system. It needs development and the optimization of They have found that these analyzing techniques are partially successful in differentiating the samples using single shot emission spectra. Best results were attained using spectral averages and variance weighting methods. It was found that identification of these samples using LIBS spectra is a big challenge, because of similarities in its elemental composition. The complete discrimination of samples is possible only after developing a better statistical modeling and data pre-treatment procedures. It has also been realized that further investigation is needed to find the sources of shot to shot variations particularly plasma temperature, plasma volume and matrix effects.
ANALYTICAL PERFORMANCE OF LIBS
The observed analytical figures of merit (precision, accuracy, and LOD) in LIBS experiments are inferior to those for other atomic spectrometric techniques such as ICP-AES and ICP-MS. The main reason for this deficiency is the multitude of experimental parameters that influence the analytical signal. These factors include laser wavelength, laser power, incidence angle, pulse-to-pulse variation, beam profile, beam shape, pulse duration, sample matrix, freshness of surfaces for solid samples, purging gas, ambient pressure etc. Even the experimental arrangement and sampling geometry affects the LIBS measurements significantly 53 . These factors have to be identified and optimized for better analytical performance. Spatial and temporal dependence of emission signals from the laser-induced plasma (LIP) have been studied by several research groups [54] [55] . It has been realized that the investigation of methods for measuring relative mass removal in the laser-induced plasma would probably continue for a long time and will be valuable, not only for LIBS experiments, but also for LIP-ICP-AES and LIP-ICP-MS experiments. It is expected that the fundamental studies of ablation and the excitation processes in the laser-induced plasma using different wavelengths and ultra-short pulses would enhance the analytical capabilities of LIBS. A good review on these aspects has been published by Rusak et al. 7 .
The major limitations of LIBS for practical applications result from self-absorption, line broadening, and the high intensity of the background continuum along with strong matrix effects [68] . Some of these limitations can be minimized or avoided by working in a controlled atmosphere and using time-resolved spectroscopic measurements or time-integrated and spatially resolved measurement techniques. In time-resolved spectroscopy, the temporal evolution of the plasma is obtained by recording the plasma emission spectra at various delay times. The LIBS spectra of magnesium in liquid matrix were reported by Rai et al. 56 who found that 500 ns after the laser irradiation, the observed spectrum consisted of continuum and ion emission lines, as the plasma temperature was high, but after 10 s the intensity of the continuum and ion lines decreased, and that of lines due to neutral atoms increased as a result of electron ion recombination.
The purpose of time-integrated and spatially resolved spectroscopy is to measure the emission from the LIP at different positions of the plasma. Lee et al. 12 examined the effects of the laser pulse repetition rate, the detector gating, and the number of averaged laser shots on the precision. It was found that the precision increased with repetition rate and total number of laser pulses averaged, but was independent of the gating parameters. It was also found that the R.S.D. decreased from 13.3% for 50 laser shots to 1.8% for 1600 laser shots. The freshness of sample surface also affects precision and the lowest R.S.D. has been obtained, when each shot samples a totally new portion of the material 58 . Eppler et al. 59 found an increase in the precision using a cylindrical lens instead of a spherical lens, but the R.S.D. was independent of the choice of lens. The reduction of the R.S.D. was attributed to the greater amount of material sampled by the cylindrical lens. Castle et al. 27 have systematically studied variables that influence the precision of LIBS measurements with special emphasis on the effect of temporal development of the emission, the sample translational velocity, and the number of spectra accumulated, laser pulse stability, detector gate delay, surface roughness, and the use of background correction.
CONCLUSION
Developments of LIBS techniques have been very rapid in the recent years and commercial instruments are coming up for application in process monitoring in many industries as well as in various field applications. The prototypes of miniaturized version of LIBS have already been demonstrated and it is hoped that these will be commercially available in near future. However in spite of many advantages LIBS techniques lag behind the conventional analytical techniques in the terms of sensitivity but work is in progress to circumvent this shortcoming by a careful assessment of the experimental parameters that influence the LIBS signal. The miniaturized version of LIBS will be very much applicable for detection and identification of hazardous chemical and biological samples, in bio-medical applications as well as in forensic science. Development and optimization of data analysis techniques is also required to make the system more accurate in identification of complex organic molecules having similar elemental composition such as explosive and biological samples. Finally it seems that applicability of LIBS will increase many fold after the development of a miniaturized LIBS system with enhanced sensitivity and relevant statistical methods for data analysis. 
